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ABSTRACT 
We  describe  culture  systems for neurons  of an  adrenergic  autonomic  ganglion 
which:  (a)  permit  cultivation  of  neurons  without  supporting  cells,  (b)  permit 
separate harvest of somal and axonal material, and (c) permit direct access to the 
neuronal surface. The antimetabolites used to suppress supporting cell growth did 
not have demonstrable effects on neuronal polypeptide synthesis. Rapid neurite 
outgrowth,  which  characterized  these  cultures,  was  prevented by colchicine  or 
cycloheximide  and  resumed  promptly after their  withdrawal.  Axons  separated 
from cell bodies showed no incorporation of label from leucine or fucose, but did 
exhibit  incorporation  of  glucosamine.  The  major  polypeptides  present  in  this 
neuron,  as demonstrated  by sodium  dodecyl sulfate polyacrylamide gel electro- 
phoresis  (SDS-PAGE)  analysis,  are  described.  No  major  differences  in  poly- 
peptide content were observed when soma and axons were compared. Likewise, 
there  were  no  differences  detected  in  polypeptides  synthesized  by neurons  in 
suspension or neurons actively extending processes. Analysis of the polypeptides 
within the neurites after labeling with amino acids indicated transport at a number 
of different rates; certain of these polypeptides corresponded in size and transport 
characteristics to polypeptides observed in the rabbit optic nerve after labeling of 
retinal ganglion cells. Tubulin  and actin have been definitively identified  in this 
cell type (18); we found proteins similar in size and proportionate amounts to be 
among the rapidly transported soluble polypeptides. The prominent polypeptides 
observed after several methods of surface labeling are described. 
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The  complex  anatomic  and  metabolic  relation- 
ships  between  the  various  cells  of the  nervous 
system complicate study of the activities and com- 
position  characteristic of specific  cell  types. Re- 
cent efforts to study the  cell  biology of neurons 
and supporting cells  include:  (a) studies  of cells 
derived  from  induced  or  spontaneous  tumors 
which  express certain known neuronal or neuro- 
glial characteristics (for review, see references 27 
and 53): (b) studies of "simple" systems in lower 
forms allowing  observations on  identified  single 
neurons (e.g., see references 2 and 3): (c) studies 
of  the  axonal  projections  of  specific  neuronal 
types,  where  axons  of  these  neurons  may  be 
studied,  especially  after transport of labeled ma- 
terials from the neuronal soma (12, 62); and (d) 
the preparation of specific cell types derived from 
brain tissue  by dissociation  and separation proce- 
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(reviewed in reference 52). 
An  alternate  approach  is  to  establish  popula- 
tions of specific cells free of any other cell type in 
long-term  tissue  culture.  This  approach  has  had 
limited success,  presumably  due, at least in part, 
to  the  complex  "trophic"  and  other  interactions 
necessary  for  neuronal  survival.  The  peripheral 
nervous  system,  however,  contains  collections of 
neurons and supporting cells in ganglia which are 
easily sustained  in tissue  culture, and three types 
of cells may be cultured as pure populations from 
such  ganglia:  the  adrenergic  autonomic  ganglion 
neuron  (see  review in reference 48),  the sensory 
neuron  (45),  and  the  Schwann  cell  (64).  The 
successful  culture  of pure  populations  of normal 
autonomic (as well as sensory) neurons is depend- 
ent  upon  the  availability  of nerve growth  factor 
(NGF) and was first accomplished with cultures of 
dissociated rat superior cervical ganglion cells (7). 
The  culture technique for these neurons was fur- 
ther refined to provide long-term growth, free of 
non-neuronal  cells (42).  In the present study, we 
have  employed  these  earlier  culture  techniques 
and,  in  addition,  have  modified  them  by:  (a) 
confining the neuronal somata to discrete explant 
areas,  which  allows the  separate  harvest  of neu- 
ronal somata  and axonal outgrowth,  and (b) sup- 
pressing supporting cell proliferation. Through the 
use of this new culture method, differentiated cell 
morphology is maintained in a manner that allows 
study  of the cell somata  and axons separately:  in 
addition,  the axonal surface is available for direct 
study.  This  paper  presents  results  obtained  by 
using this approach  to study the adrenergic auto- 
nomic neuron of the superior cervical ganglion of 
the rat. A  previous report has presented evidence 
that two of the prominent axonal surface proteins 
closely resemble (and may be identical to) ~- and 
fl-tubulins (16). 
MATERIALS  AND  METHODS 
Media for Cell Culture 
Balanced salt solutions and defined media were prod- 
ucts  of  Grand  Island  Biological Co.  (Gibco),  Grand 
Island, N. Y. 1-fl-D Arabinofuranosylcytosine (ara-C), 
5-fluoro-2'-deoxyuridine  (FUdR),  and  uridine  were 
from  Sigma  Chemical  Co.,  St.  Louis,  Mo.  or  Calbi- 
ochem,  LaJolla,  Calif.  Radiochemicals were  obtained 
from  New  England  Nuclear  Corp.,  (NEN)  Boston, 
Mass., or Amersham Corp., Arlington Heights, Ill. NGF 
in the 7S form was prepared from mouse submaxillary 
glands by the method of Bocchini and Angeletti (5). 1 U 
of NGF  activity  was  defined  using  the  bioassay  with 
chick dorsal root ganglion (see reference 60).  Human 
placental serum was obtained from placental blood sam- 
ples taken at area hospitals. Medium 1 : 10 vol % human 
placental  serum,  10  vol  %  150  mM KC1,  75  vol  % 
Eagle's Minimal Essential Medium (MEM) with Earle's 
salt solution, 0.7 vol %  200 filM L-glutamine,  3 vol % 
20%  glucose,  10 -5 M  ara-C,  10 -5 M  FUdR,  10 -5 M 
uridine, 20 U/ml NGF, Medium 2: same as medium 1 
but lacking ara-C; Medium 3:25 vol % human placental 
serum, 10 vol % 9-day chick embryo extract, 60 vol % 
Eagle's MEM with Earle's salts, 0.7 vol % 200 mM L- 
glutamine, 3 vol % 20% glucose, 20 U/ml NGF. 
Preparation of Superior Cervical Ganglion 
(SCG) Neuron Cultures 
EXPLANT  TYPE  CULTURES:  SCG  from  perinatal 
rat pups were removed by sterile technique, taking care 
to avoid the nearby nodose ganglion of the vagus nerve. 
Typically, ganglia from two litters of rat  pups  (20-25 
animals)  were  removed  and  stored  in  L-15  medium 
(Gibco)  containing  NGF  during  the  dissection.  The 
ganglia  were  then  stripped  of  their  connective  tissue 
sheaths, using fine forceps, and gently teased into three 
to four pieces. The small pieces, or explants, were placed 
on collagen-coated Aclar dishes (10). The explants were 
exposed to medium 1 for the first 5-7 days in vitro and 
then  placed  on  medium  2  for  continued  culture. 
Throughout the period of culture, medium was replaced 
every 2-3 days. 
DISSOCIATED  SCG  NEURONS:  Two  methods  of 
obtaining this type of culture were used. In both, ganglia 
stripped  of their  connective tissue  sheaths  were  incu- 
bated  at  37~  for 30  min  in  the  presence  of 0.25% 
trypsin  (Difco Laboratories,  Detroit, Mich.;  1:250)  in 
Hanks' solution lacking  calcium and magnesium. After 
trypsin  treatment,  the  ganglia  were  gently washed  in 
whole  medium  three  times  and  triturated  through  a 
small-bore Pasteur pipette. The resulting cell suspension 
was  filtered through  a  15-/~m  Nitex filter (Tetco Inc., 
Elmsford,  N.  Y.).  The  filtrate of dissociated  neurons 
and non-neurons was then directly plated on a collagen- 
coated substrate. 
Alternately, if preparations  of neurons  free of non- 
neurons were desired from the time of initial plating, the 
filtered cell suspension  was further fractionated before 
plating. The method used, described by McCarthy and 
Partlow  (43),  involves the partitioning of neurons  and 
non-neurons  based  on  their  affinity  for  commercial 
tissue culture plastic surfaces. 
Incubation with Radioactive Precursors and 
Autoradiography of Whole Mounted Cultures 
Dishes containing explants, which  had been cultured 
for 3-7 days on medium 2, were rinsed well with N-2- 
hydroxyethylpiperazine-N'-2-ethane  sulfonic  acid 
(HEPES)-buffered MEM. In experiments in which ra- 
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leucine. When desired, explants were removed by dissec- 
tion, leaving  behind their neuritic fields.  Alternately, a 
cut was made across neuritic fields, thus severing them 
from  their  parent  somata.  In  this  way,  neurites  still 
attached  to,  or  detached  from,  their  supporting  cell 
bodies were subjected to the same incubation conditions. 
After rinsing  and extirpation or cutting, the cultures 
were exposed to radioactive precursors in MEM. After 
the incubation period, cultures were rinsed carefully with 
MEM  containing  nonradioactive  precursor  at  1,000 
times  the  concentration  of  the  radioactively  labeled 
form. The cultures were fixed for 12  h in 4% parafor- 
maldehyde in 0.1  M phosphate buffer at pH 7.2, rinsed 
three times in buffer without aldehyde, and then rinsed 
three times in distilled  water. After drying, the bottom 
of the  culture  dish  was  cut  out  and  mounted  on  a 
microscope  slide  before  coating  with  Kodak  NTB-2 
nuclear  track  emulsion diluted  to  50%  with  distilled 
water. The emulsion was exposed for 2 wk at 5~  and 
then  developed  in  Kodak  D-19  developer,  fixed  in 
Ektaflo, rinsed with distilled water, air dried, and cover- 
slipped over glycerol  before observation. Silver  grains 
were counted with the aid of a calibrated ocular reticle 
and x  40 phase contrast objective. 
Incubation  with Radioactive  Precursors for 
Polypeptide Analysis of  Axonal Transport 
Explants that had been maintained in vitro for 2 wk 
were used. The antimetabolite regimen described above 
assured removal of nearly all  contaminating non-neu- 
ronal  cells  (Fig.  3).  Explants  were  washed  free  of 
medium with  MEM and  then exposed to  the desired 
radioactive precursors in medium 1, lacking FUdR and 
ara-C and made up with dialyzed serum. When leucine 
or methionine was used as radioactive precursors, MEM 
lacking  the nonradioactive form of the  precursor was 
used. If the neurites were to be harvested immediately 
after the labeling period, then the explants were washed 
three times in phosphate-buffered  saline  (PBS) contain- 
ing 100-1,000 times the concentration of nonradioactive 
precursor. The  neurites were then harvested and pre- 
pared for analysis.  If, after exposure to labeled precur- 
sors, the cells  were to  be maintained in  culture,  they 
were washed three times with MEM containing 1,000 
times the concentration of unlabeled precursor and then 
maintained in culture on medium 1,  lacking  FUdR or 
ara-C  and  containing  a  1  mM  concentration of the 
nonradioactive precursor. 
Cell Surface Labeling Experiments 
Neurites  were  harvested  from  explants  that  were 
maintained 2 wk in vitro and were free of non-neuronal 
cells. After washing five times in cold PBS by centrifu- 
gation, the neurites were labeled by either the combined 
glucose  oxidase/lactoperoxidase/NamI method,  com- 
bined galactose oxidase/NaBT4  treatment, or periodate/ 
NaBT4 treatment. 
IODINATION  OF  NEURITES :  Lactoperoxidase 
(LPO)  (EC  1.11.17)  from  Sigma  (no.  L-7129)  and 
glucose oxidase (EC 1.1.3.4) from Sigma (no. G-6500) 
were used to  catalyze  the iodination of neurites. The 
enzymes were assayed to determine activities  under the 
conditions used during iodination. The LPO was listed 
as having  42  purpurogallin U/mg solid. Its activity  was 
found to be  8.7  U/mg, where  1 U  of LPO activity  is 
defined as the amount of enzyme necessary to consume 
1 /zmol H2Odmin. The glucose oxidase was assayed by 
coupling with horseradish peroxidase to determine the 
amount  of  peroxide  generated  during  reaction  with 
glucose. The glucose  oxidase activity  was 1,200  U/rag, 
where 1 U is defined as the amount of enzyme necessary 
to produce 1 p.mol HzOz/min. 
Finally,  as  a  check  on  the  activities  of  the  two 
enzymes, LPO was titrated against the glucose  oxidase 
by measuring radioiodine incorporation into intact eryth- 
rocytes. 
The procedure for iodination of the neurites, similar 
to that described by Hubbard and Cohn (31), was as 
follows: 
Washed neurites were incubated in 500  /~1 of PBS, 
pH 7.2, containing 50/~Ci of Nal~ZI (NEN, carrier free), 
5  mU of glucose  oxidase, 5  mU of LPO,  and 5  mM 
glucose. After reaction for 15-30 min at 4~  NazSzO3 
was added to  10  p.M  and the neurites were removed 
from the  reaction mixture. The  neurites were washed 
seven times in PBS containing 1 mM KI. 
SODIUM  BOROTRITIDE  LABELING  OF  NEURITES: 
Sodium  borotritide was  used  to  label  neurites either 
alone or after treatment of the neurites with galactose 
oxidase or periodic acid. The NaBT4 was obtained from 
NEN (185  mCi/mmol). Galactose oxidase (EC 1.1.3.9) 
from Sigma (No. G-0875) was used after heating at 50~ 
for 30 min in order to minimize  any proteolytic activity 
that may have been present (57). When assayed under 
conditions similar  to  those used in  neurite treatment, 
the enzyme displayed an activity of 27 U/rag, where 1 U 
of activity was defined as the amount of enzyme neces- 
sary  to  produce  1  /zmol  of  H202/min  at  20~  The 
incubation  conditions were  similar  to  those  given  by 
Steck and Dawson (57). They are given below. 
Galactose oxidase treatment: Washed intact neurites 
were incubated in 50 mM Na2HPO4, 100 mM NaCI, pH 
8.5, containing 1 U  of galactose oxidase per ml. After 
30  min at 20~  the neurites were washed and treated 
with NaBT4. 
Periodate treatment: Washed,  intact  neurites  were 
incubated in  100  mM NaC2HaO2, pH 5,  containing 1 
mM  NalO4  at  2~  for  10  min  in  the  dark.  After 
quenching with 50 mM Na2HPO4, 100 mM NaCI, 5 mM 
NaAsO4,  pH 8.5, the neurites were resuspended in the 
phosphate buffer. 
NaBT4 reduction: Neurites were suspended in phos- 
phate buffer, and reduced with 1 p.Ci of NaBT4/ml for 1 
h. After reduction, the neurites were washed five times 
in PBS, to remove unbound label. 
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Gel Electrophoresis (SDS-PAGE) 
The discontinuous buffer system of Laemmli (33) was 
used for SDS-PAGE slab gels of 7.5% or 5-15% linear 
gradients. Electrophoresis was carried out at 50-100 mV 
for 8-12 h as indicated by the tracking dye, bromphenol 
blue.  After  electrophoresis,  the  gels  were  fixed  and 
stained by the  method of Fairbanks et  al.  (17).  Gels 
were photographed on Kodak High Contrast Copy film 
with a Kodak red filter. Gels were dried onto filter paper 
for storage and autoradiography on Kodak RPR-54  x- 
ray film. When tritium-labeled polypeptides were to be 
detected, fluorography was used as described by Bonner 
and Laskey (6). Molecular weights of neuritic polypep- 
tides were estimated by comparison with polypeptides of 
known molecular weight (16). Myosin and spectrin were 
generous gifts from Dr. M. Willard and Joel Levine. 
Radiolabeling of Polypeptides in 
Dissociated SCG Neurons 
Neurons were purified from trypsin-dissociated SCG 
by the method of McCarthy and Partlow (reference 42 
and above). These cells were then used in experiments 
designed  to  test  the  effects  of  the  antimetabolites on 
polypeptide synthesis and also to test for differences in 
polypeptide synthesis between cells that extended axons 
and those that did not. 
To examine the effects of ara-C and FUdR on poly- 
peptide  synthesis, dissociated  SCG  cultures were  pre- 
treated for 24  h  with the  drugs at  10  -6 to  10  -3 M  in 
medium 2. At this time, new media was substituted with 
the addition of [3H]leucine  (50/~Ci/ml) in the presence 
of the drugs. After a 3-h labeling period, the cells were 
rinsed with buffer, scraped off the dish, and analyzed by 
SDS-PAGE combined with fluorography. 
To compare leucine incroporation into the polypep- 
tides  synthesized  by  neurons  that  actively  extended 
processes versus those that did not, neurons prepared as 
described above were  held in suspension or plated on 
collagen-coated dishes.  After 24  h  under such culture 
conditions, the  neurons were  labeled for 4  h  with  50 
/xCi/ml  [3H]leucine  in medium 2.  Some samples addi- 
tionally had colchicine present during culture and/or the 
labeling period. After labeling, the cells were harvested 
by centrifugation or scraping of the culture dish (in the 
case of plated cells) and analyzed for their radioactive 
polypeptide content as above. 
RESULTS 
Growth Characteristics of  the Three Types 
of  SCG Neuron Cultures 
EXPLANTS:  When pieces of SCG  are placed 
on a  collagen-coated  substrate,  initiation of neu- 
rite  growth  takes  place  within  24  h  and  the 
expansion rate of neuritic fields is high. However, 
no growth or only very scanty growth takes place 
when  explants  are  cultured  on poly-lysine, poly- 
ornithine, or agar substrates. This is in contrast to 
the  behavior  of  dissociated  neurons,  many  of 
which  attached  and  extended  neurites  on  these 
substrates  or  even  on  uncoated  tissue  culture 
plastic.  This  property  of  neurite  growth  from 
explants  limited  the  culturing  methods  to  those 
that utilized collagen-coated substrates when neu- 
rite harvests are desired. 
Neurite  growth  rates  of  these  explants  are 
shown  in  Fig.  1.  Although  these  observations 
were  made  during  the  first  few  days  in  culture, 
there is reason to believe that growth continues at 
a  rapid  rate.  For  example,  many  explants  have 
l 
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FIGURE  1  Growth rate of SCG neurites. Explant cul- 
tures of the type shown in Fig. 3 were set up in medium 
2, with refeed/ng three times each week. Neurite lengths 
were  measured  on  living  cultures,  the  length  being 
computed from the average of six measurements about 
each explant. Data on normal neurite outgrowth were 
gathered using over 120 explants set up at three different 
times,  with each  explant  being measured on  multiple 
occasions.  O,  Explants cultured in medium  2;  ￿9  ex- 
plants cultured in medium 2 with 5/zg/mi cycloheximide 
present from days 2-8 in vitro; x, explants cultured in 
medium 2 with 50 nM colchicine present from days 2-8. 
Data presented  in Table  I  and other experiments not 
shown indicated that cycloheximide at 5 mg/ml inhibited 
leucine incorporation into TCA or formaldehyde precip- 
itable macromolecules by 95 % or more. Bars represent 
•  SD. 
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after  2  wk  growth.  These  figures  are  probably 
maximum growth rates under the conditions de- 
scribed, for  it  is  not  possible  to  determine the 
proportion of neurites that are slower growing and 
hidden in the outgrowth. From such observations, 
the neurites appear to be elongating at a  rate of 
over 300/.Lm/day during the early culture period. 
Fiber outgrowth as depicted in Figs. 2-5 was 
dependent  upon  the  presence  of  NGF  in  the 
culture medium, and dissociated neurons did not 
survive  in  its  absence  (references  13  and  40, 
among  others).  Neurons  exposed  to  cyclohexi- 
mide or colchicine, even in the presence of NGF, 
ceased fiber outgrowth and did not resume growth 
until the  agents were  removed (data in Fig.  1). 
After  removal  of  the  drugs  (at  8  days),  fiber 
outgrowth  resumed  at  approximately the  same 
rate  as  was seen in the  initial outgrowth in un- 
treated  explants.  The  growth  rate  of  neurites 
treated with the antimetabolites as described was 
similar to  that shown  by the control cultures in 
Fig.  1.  By  14  days  in vitro,  the  neuritic mass 
represented  30-50%  of  the  total  cellular mass 
(explants plus neurites) on  the  basis of  protein 
content. 
The histological effects of combined antimetab- 
olite treatment can be seen in Figs.  3  and 5  as 
compared to Figs. 2 and 4. Although a number of 
methods of reducing non-neuronal cell prolifera- 
tion were tried, combined ara-C and FUdR gave 
the most consistent results. In untreated cultures, 
the  outgrowth zone was filled with cells derived 
from  connective tissue  and  Schwann cells  con- 
tained within the explant. 
DISSOCIATED  WHOLE  SCG:  When  a  fil- 
tered, trypsin-dissociate of the SCG is plated, at 
least three cell types are found. After 12 h in vitro, 
these  cultures consist  of  50-75%  neurons, the 
remaining cells being fibroblasts or Schwann cells. 
The yield of neurons by this method was about 
50-70% (up to 15,000 of the 24,000 neurons in 
the newborn rat SCG; C. D. Ross, manuscript in 
preparation; reference 30). If plated in medium 3, 
a  permissive  medium  for  non-neuronal  cell 
growth,  fibroblasts rapidly formed  a  monolayer 
upon which a  neuronal network, with its accom- 
panying  Schwarm cells, grew (Figs. 7 and 9). After 
7-10 days in vitro on medium 2, however, these 
cultures were essentially free of non-neuronal  cells 
(Figs. 8  and 10). After this treatment, switching 
to a medium permissive for fibroblast growth did 
not  result  in  the  proliferation  of  non-neuronal 
cells. Thus, monolayer networks of SCG neurons 
may  be  generated  in  high  yield by  this  simple 
culture technique. 
PRIMARY  CULTURES  OF  PURIFIED  NEU- 
RONS:  Although  the  method  described  above 
resulted  in  purely neuronal-dissociated cell  cul- 
tures after 7-10 days growth, selective preplating 
of trypsin-dissociated ganglia made  possible  the 
generation of predominantly neuronal cultures in 
FIoul~ 2  SCG explants cultured for 15 days. Explants were set up on medium 3 and refed every 2 
days. Original ganglion explant areas are now obscured by the dense outgrowth of non-neuronal cells. At 
the edge of the dish, individual bundles of neurites accompanied by Schwann cells can be seen on a 
background of fibroblasts. Toluidine blue stain. Bar, 5 mm. x 6. 
FmortE  3  SCG explants cultured for 20 days. Explants were set up on medium 1 for the first 7 days in 
vitro, and then maintained on medium 2 with refeeding every other day. By this regimen, the non- 
neuronal cells were eliminated and the neurons were allowed to develop in a manner that allowed the 
separation of somata and growing axons. Sudan black stain after OsO4 fixation, x 6. 
FIGURE 4  Higher-power photograph of neurite bundles from Fig. 2, with accompanying  Schwann cells. 
The neurites are completely obscured by the ensheathing Schwann cells and rest upon a bed of nearly 
confluent fibroblasts. Toluidine blue stain. Bar, 50 gin. x 350. 
Ftou~ 5  Nomarski  interference optics photomicrograph of neurite bundles. This photograph was taken 
of a living  culture that had been treated like the explants in Fig. 3. The bundles are composed of dozens of 
individual neurites, a few of which can be seen bridging the bundles. Bar, 20 #m. x 750. 
FIGURE 6  Electron micrograph of isolated neurites. Neurites were dissected from a culture such as that 
pictured in Fig. 3, and pelleted by centrifugation in phosphate-buffered saline at 5,000g. The pellets were 
fixed in glutaraldehyde followed by OsO4, and embedded in Epon/Araldite for thin sectioning. Neurites 
are long, thin structures ~0.1-0.2 #m in diameter. They contain an abundance of microtubules, smooth 
endoplasmic reticulum, and mitoehondria. Bar, 1 /zm. x  20,000. 
M.  E~E  AND  R.  Bui~t~E Compositional  Analysis of Growing Axons  143 FiGulls  7  Dissociated SCG. After culture of a  trypsin-dissociated ganglion in medium 3, all cell types 
contained in the ganglion are found. Single neurons and small groups of neurons are connected by neuritic 
bundles upon which Schwann cells proliferate.  Fibroblasts are  also present in such a  culture system. 
Toluidine blue stain. Bar, 1 ram. x  12. 
Fmuv~  8  Dissociated SCG neurons, 6 wk in vitro, When dissociated SCG are cultured for 7-10 days 
on medium 2, the non-neuronal cell population is eliminated. Such cultures can then be maintained free of 
non-neuronal cells for at least 8 wk, even with medium 3 which is permissive for non-neuronal cell growth. 
Sudan black stain after OsO4 fixation. ￿  12. 
Fmuv~  9  This is a  higher-magnification picture showing two  neurons and many non-neuronal cells, 
such as would be found in the type of culture pictured in Fig. 7. The Sehwann cells assume the typical 
satellite cell configuration upon the somata and ensheath but do not myelinate the neurites. Sudan black 
stain after OsO~ fixation. Bar, 50/~m. ￿  350. 
Fmv~  10  Phase contrast photomicrograph of dissociated SCG neurons free of non-neuronal cells. This 
picture, of a living culture, demonstrates the appearance of neurons such as those in the fixed and stained 
culture pictured in Fig, 8, Bar, 50/xrn. x  250. 
<1  day  from  the  time  of  dissection  (43).  This 
method served to eliminate non-neuronal cells on 
the  basis of their  greater  affinity for plastic sub- 
strates;  with  intermittent  shaking,  neurons  that 
were  attached  only  loosely  were  resuspended 
whereas non-neurons were more likely to remain 
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period,  preplating by  this  technique resulted  in 
enrichment of ganglion dissociates from  -~60% 
neurons to  >95%  neurons. This enabled one to 
have neurons free of supporting cells at the time 
of initial neurite outgrowth, in quantities sufficient 
for some biochemical studies, These cultures con- 
tained single neurons and small clusters of neu- 
rons. The yield of cells obtained by this method 
was less than that following the direct plating of 
trypsin dissociates due to neuronal cell loss during 
the preplating steps, 
Effects of FUdR and Ara-C on Leucine 
Incorporation into Dissociated SCG Neurons 
Cultures free of non-neuronal cells exposed to 
varying concentrations of antimetabolites show no 
overt morphological signs of toxicity. When poly- 
peptides  synthesized by these  cells after 3  h  of 
[3H]leucine labeling in the presence of the  anti- 
metabolites were  analyzed by SDS-PAGE, with 
quantitative analysis by fluorography, no consist- 
ent changes were present in any of the six molec- 
ular weight classes  examined (Fig. 11). Although 
some variation was observed in individual molec- 
ular  weight  classes  from  culture  to  culture,  no 
consistent  changes  were  present  that  could  be 
ascribed to the use of these antimetabolites. 
Autoradiographic Experiments with 
Radioactive Precursors  to Macromolecules 
To examine the topography of radioactive pre- 
cursor  utilization  in  SCG  neurons,  autoradi- 
ographic examination of whole cells and isolated 
neurites was  made  after  incubation with  amino 
acid and sugar precursors. The method of analysis 
of precursor utilization was checked for reliability 
using tritiated leucine, and the results for this and 
the other precursors are given in Table I. Briefly, 
when the experiments were carried out as previ- 
ously described,  the  appearance of leucine-con- 
taining macromolecules in the neurites was found 
to be dependent on time, temperature, the pres- 
ence of an intact synthetic system (i.e., cyclohexi- 
mide sensitive), and highly dependent upon con- 
nection  with  the  cell  body.  The  fixation  and 
rinsing procedures were capable of reducing back- 
ground to  negligible levels. This system allowed 
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FIGURE 11  Effects of FUdR and ara-C on polypeptide synthesis in dissociated SCG neurons. Cultures 
prepared by the method of McCarthy and Partlow (42) were incubated with 50/zCi/ml tritiated leucine 
for  3  h  in order  to  label  polypeptides synthesized during  that  period.  Drug-treated  cultures were 
preincubated with the drug for 24 h before the labeling period (also in the presence of the drug). After 
labeling, the cultures were rinsed with buffer and prepared for SDS-PAGE. Scans on the left represent 
densitometric data obtained from fluorographs of gels incubated in the presence of 10  -a M FUdR (upper 
scan).  10  -a M ara-C (middle scan), or control medium (lower scan). Data on the right represent the 
percent contribution of radioactive polypeptides in various molecular weight classes to the total radioactive 
protein  synthesized by the  cells. Values given below the  control values represent  the  mean relative 
contributions for the various polypeptide weight classes in the  experimental cultures. The molecular 
weight assignments  of the various weight classes are: group A >270 kilodaltons; group B, 270-190; group 
C, 190-85; group D, 85-40; group E, 40-30; and group F, <30. 
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Background  Detached neurites  Attached neurites  Fibroblasts 
0.06 •  0.04 (7)  not done  0.15  •  0.13 (10)  0.17  •  0.41  (6) 
0.46  __ 0.33 (43)  0.66  •  0.47 (24)  14.9  •  1.8  (21) 
1.8  •  1.1 (26)  3.9  •  1.9 (37)  * 
1.3  •  0.73 (32)  10.7  •  3.3 (28)  * 
No labeled precursor added 
[3H]leucine,  5/.tCi/ml 
5~  2 h  0.11  •  0.07 (26) 
24~  2 h  0.56 •  0.24 (28) 
37~  2 h  0.50 •  0.42 (33) 
37~  2 h + 
5/zg/ml cycloheximide  0.12  •  0.09 (30) 
20 p.g/ml cycloheximide  0.10 •  0.08 (25) 
[aH]glucosamine,  20  /xCi/ml  0.33  •  0.14 (45) 
37~  2 h 
[3H]fucose,  10  /xCi/ml 37~  4  0.31  •  0.18 (24) 
h 
0.60  •  0.44 (41)  0.66  •  0.37 (54)  4.7  •  1.9 (36) 
0.41  •  0.38 (24)  0.50  •  0.34 (45)  3.4  •  1.3 (31) 
6.15  •  12.5  •  13.1  • 
1.5  •  1.2 (47)  11.7  •  3.7 (39)  8.5  •  2.2 (27) 
Precursor  utilization  by  SCG  neurites.  Explants  of SCG  cultured  from  3-7  days  were exposed  to  radioactive 
leucine,  glucosamine,  or  fucose  to  examine  autoradiographically  the  incorporation  of  these  precursors  into 
macromolecules.  Immediately  before  labeling,  multiple  areas  of neurites  were  detached  from  their  supporting 
cell somata  by  cutting  across  neuritic  bundles  with  a  scalpel  blade.  After  labeling,  the  cultures  were  washed 
and  fixed  in  preparation  for  autoradiography  with  Kodak  NTB-2  emulsion.  For  each  precursor  and  labeling 
condition,  areas  of neurites  attached  to  and  detached  from  neurons  were  examined  along with  non-neuronal 
cells  and  noncellular  areas  of  the  dish.  Numbers  listed  represent  grain  counts/100  /xm  2 of neuritic  fields,  or 
grains/100  /xm  2 fibroblast cytoplasm, or grains/100  /zm  2 substrate  (background  levels). Data  are given as grain 
counts  •  the  number  of  areas  examined  is  indicated  in  parentheses.  Of  these  precursors,  the  detached 
neurites  utilized  only  glucosamine,  with  that  level  of  incorporation  being  significantly  different  from  either 
background or the level reached by neurites still attached to their somata. 
* Grain counts too high to quantitate visually (>50 grains/100/x2). 
Significant at P <  0.001 
one  to  directly  compare  intact  and  cut  neurites 
along with  non-neuronal  cells on the same auto- 
radiograph.  Thus,  even though  separate  samples 
were  coated  with  emulsion  and  processed  under 
differing conditions, direct comparisons were pos- 
sible. 
As  shown  in  Table  I,  the  neurites  have  little 
ability to utilize leucine or fucose in the synthesis 
of larger macromolecules  retained  after fixation. 
In the case of glucosamine, cut neurites were able 
to utilize the precursor.  Although a lower level of 
incorporation was seen with neurites than with the 
somata present, this level was still well above the 
background for this experiment and was a consist- 
ent finding; it is discussed in some detail below. 
Axonal Transport of Polypeptides  after 
Incubation with Radioactive Amino Acids 
When  SCG explants  were exposed to  radioac- 
tive  leucine,  and  the  neurites  and  cell  bodies 
examined at later times for the presence of radio- 
active macromolecules, the results obtained were 
as  presented  in  Fig.  12.  Radioactive  proteins 
appeared  in  the  neurites  in  a  time-dependent 
fashion.  In  this  experiment,  the  neurites  repre- 
sented 40%  of the total cell mass on the basis of 
protein  content.  By 8-12  h,  however, only  15% 
of the protein made  during  the pulse period had 
moved  into  the  neurites.  The  increase  in  total 
neuritic  radioactivity was  accompanied  by  an  in- 
crease  in  the  specific  activity of neuritic  protein 
from  100  cpm//xg  to  600  cpm//zg,  during  the 
chase  period.  Polypeptides  transported  at  a  rate 
of 1  mm/day or greater would be expected to be 
present  in  the  neurites  by  12  h.  The  dissection 
techniques detach  neurites  within 0.5  mm of the 
explant;  thus  a  labeled  polypeptide  must  travel 
that  distance  before  being  found  in  the  neurite. 
Using a longer chase period (data not shown), up 
to 25%  of the protein synthesized during a  pulse 
period  was  found  to  be  transported  over  the 
period of a day. From these experiments, and the 
data  showing  that  neurites  alone  are  unable  to 
incorporate  leucine  into  macromolecules,  it  is 
clear  that  the  cell somata  were  supplying  newly 
synthesized  proteins  to  their  axons  in  a  fashion 
that may be similar to the well-described phenom- 
enon of axonal transport that occurs in vivo. 
It  was  of  interest  to  determine  the  transport 
characteristics of these polypeptides. Five separate 
transport velocities, represented by unique groups 
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Accumulation  of  acid-precipitable  radio- 
activity in  neurites.  This  figure  illustrates  two  experi- 
ments  in  which the  accrual  of  radioactively  labeled 
macromolecules  was demonstrated after a 2-h labeling 
period with  [aH]leucine. Radioactive teucine (50  /~Ci/ 
ml) was  applied to non-neuronal  cell-free explants  in 
medium  2  for  2  h  and  then  removed, and  medium 
containing 1 mM nonradioactive leucine was substituted. 
At  the  times  indicated,  neurites  and  explants  were 
harvested separately. Each  sample  was homogenized, 
and a portion of the homogenate was taken for protein 
analysis and another was taken for scintillation counting 
after precipitation  onto glass fdters  with  trichloracetic 
acid. The ordinate is the percent of the total cell-precip- 
itable radioactivity (somata + neurites) contained in the 
neurites. The abscissa is the time in hours after initiation 
of labeling. 
of polypeptides, are evident in rabbit retina/gan- 
glion cell neurons  (62,  63).  In addition, slowly 
transported  polypeptides, including  tubutin  and 
possibly neurofilament proteins, have been impli- 
cated in axonal growth and regeneration of axons 
(component SCb in reference 39). 
Polypeptides characterizing the SCG neurite as 
seen  after  SDS-PAGE  are  shown  in  Fig.  13. 
Neurites, after appropriate pulse and chase times, 
were analyzed by electrophoresis. As seen in Fig. 
14,  after 2  h  of labeling with  tritiated leucine, a 
large number of polypeptides were already pres- 
ent  in  the  neurites:  these  were  transported  at  a 
rate >10-20 ram/day, With longer chase periods, 
the distribution of radioactive polypeptides in the 
neurites was seen to change. While the contribu- 
tion  of  polypeptides  in  the  60-100  kilodalton 
range decreased between 2 and 4 h, they exhibited 
a  dramatic  increase  between  4  and  8  h.  This 
suggested  that  a  number  of  even  more  slowly 
transported polypeptides (velocity 2-5  mm/day) 
were present in this molecular weight range. 
By using [35S]methionine, a shorter pulse period 
and a  more detailed examination of the polypep- 
tides transported was possible. The polypeptides 
associated with  the  soluble and  particulate frac- 
tions from the neurites are illustrated in Fig. 15. 
In the soluble fraction, polypeptides co-migrating 
with tubulin and actin (and identified as those two 
proteins in SCG neurons by peptide maps; refer- 
ence 18) are the major transported polypeptides, 
even at the earliest time point (which represents 
material  moving  faster  than  25-50  mm/day). 
Time-dependent compositional changes were not 
seen in this fraction: this observation is apparently 
different from observations in other systems stud- 
ied. In the particulate fractions, polypeptides were 
observed to move at a variety of rates, and time- 
dependent  compositional  changes  were  clearly 
seen. For instance, band E3 at -~32 kilodaltons ap- 
peared early in the neurites and was a  major fast- 
transported  polypeptide.  Band  C6  (~87,000) 
and  bands B1  and B2  (270,000;  250,000)  were 
present at the first time point and continued  to 
increase throughout the chase period, while addi- 
tional high  molecular weight bands migrating at 
A1 and A3 appeared at 8 h after the pulse began, 
In  addition,  at  least  one  heavily  labeled  poly- 
peptide  band,  at  18  kilodaltons, was  present  at 
the earliest time point and commenced immedi- 
ately to become less radioactive, disappearing by 
8  h.  This  polypeptide is  particularly interesting 
because it behaves like band 22 polypeptide of the 
rabbit  retinal ganglion  cell neurons.  It  is  trans- 
ported fast (>240 ram/day in the rabbit; reference 
62),  25-50  mm/day  in  the  SCG  neurites,  and 
decays rapidly (tin =  3 h in rabbit. 
Macromolecules Labeled A ~er Incubation 
with Carbohydrate Precursors 
Fucose and glucosamine were used to metabol- 
ically label  the  glycoproteins of the  cell.  After 
incubation with precursor, the polypeptides of the 
neurites were  examined by SDS-PAGE. Fucose 
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peptide of the neurite of -250  kilodaltons. The 
particulate  fraction,  in  contrast,  contained  nine 
major labeled bands of 270,250,  140,100,  92, 
58,  53,  47,  and  30  kilodaltons (for illustration, 
see  reference  16).  In  contrast to  the  paucity of 
soluble glycoproteins labeled with fucose, gluco- 
samine labeling gave rise to  >30 labeled soluble 
polypeptides with major polypeptides of approx. 
250,115,100,  58, 53, and 47  kilodaltons. With 
both precursors, the polypeptides associated with 
the particulate fraction derived from the neurites 
were most heavily labeled. In the case of glucosa- 
mine but not fucose, there was prominent labeling 
at the gel front in an area where glycolipids  would 
be expected to migrate. 
Cell Surface Labeling of Neurites 
In vitro iodination of SCG neurites resulted in 
the labeling of -~ 10 polypeptides with most of the 
incorporated iodine present in six bands as seen 
after SDS-PAGE. Fig. 16 demonstrates the prom- 
inantly labeled polypeptides at 180,170,  70, 58, 
53, and 30 kilodaltons. Less heavily labeled bands 
are  present  at  96,  62,  and  25  kilodaltons.  It 
should be noted that, since publication of earlier 
work (16), the high molecular weight bands have 
been  reassigned  molecular  weights  of  180-170 
kilodaltons. Less than 2%  of the iodine incorpo- 
ration  is present when  LPO  is omitted from  the 
reaction  mixture,  even  in  the  presence  of  the 
peroxide-generating  system,  and  no  radioactive 
bands  are  present  after  SDS-PAGE.  Although 
plasma membrane isolation has not been accom- 
plished to verify the location of the label, >80% 
of the  iodine incorporated is associated with  the 
particulate fraction of these neurites after homog- 
enization  and  centrifugation of  the  cell  particu- 
lates. The  band we believe to be  actin, a  major 
component  of  the  cytoplasmic  polypeptides  in 
these  neurites,  is not labeled unless the  neurites 
are  first homogenized  before  labeling (data  not 
shown).  The  polypeptides with  apparent mol wt 
of  180,  170,  58,  53,  and 30  kilodaltons can  be 
removed from  the  intact neurites by brief treat- 
FIGURE 13  Coomassie  blue-stained  SDS  polyacryl- 
amide gel of neuritic  polypeptides. Neurites  were  dis- 
sected free from their explants, washed well with buffer, 
and electrophoresed  on 5-15 % gradient gel as described 
in Materials and Methods. Apparent molecular weights 
were determined by comparison  with  polypeptides of 
known size, and are listed on the right, in kilodaltons. 
We  present the  tentative nomenclature  for  reference 
only. Apparent from  such an analysis is the predomi- 
nance  of polypeptides  at  58,  53,  and 47  kilodaltons. 
Polypeptides with these molecular weights from the rat 
SCG neuron have previously been identified as tubulin 
and actin by Fine and Bray (18). 
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FIGURE 14  Compositional  analysis  of  [aH]leucine-la- 
beled polypeptides undergoing  axonal transport. These 
results were derived from densitometric  scans of fluoro- 
graphs made from SDS gels. Explant type cultures, free 
of non-neuronal  ceils, were exposed to [3H]leucine (50 
/zCi/ml) for 2 h. At that time and after 2 and 6 more 
hours of culture in nonradioactive  medium, the neurites 
were dissected free from the explants, and the radioac- 
tive polypeptides  were separated by SDS-gel electropho- 
resis. Direction of migration was from left to right, with 
arrows  indicating the apparent tool wt of ~300, 200, 
100, 58, 53,46, and 20 kilodaltons. 
ment with trypsin, further supporting the external 
location of the incorporated label (16). 
When neurites were labeled with NaBT4 alone 
or in combination with enzymatic or periodic acid 
oxidation, labeled polypeptides as shown in Fig. 
17 were found.  Sodium borotritide alone labeled 
material that remained at the origin of SDS gels, 
and also four polypeptides of 230,220,145,  and 
120 kilodaltons. Galactose oxidase treatment spe- 
cifically catalyzed the labeling of components mi- 
grating with apparent mol wt of 160, 93, 90, 58, 
53,  and  32  kilodaltons. Periodate  oxidation re- 
suited  in  the  additional labeling of components 
with apparent tool wt of >300,270,  82, and 45 
kilodaltons. 
A  comparison of the results obtained by meta- 
bolic labeling with  fucose  and  external  labeling 
catalyzed  by  the  above  methods  suggests  that 
polypeptides demonstrated  by  external  labeling 
may include at least five of the nine major fucose- 
containing proteins of the neurite (on the basis of 
their similar mol wt of 270,  58,  53, 47,  and 30 
kilodaltons). 
Polypeptides Synthesized by Neurons in 
Suspension vs. Neurons that Actively 
Extend Axons 
Neurons  held  in  suspension  after  purification 
from trypsin dissociates formed aggregates, while 
those  which  were  plated onto  a  collagen-coated 
substrate actively extended neuritic processes. By 
24 h in vitro, the majority of the plated cells were 
undergoing  axon  extension;  those  plated  in  the 
presence  of colchicine attached  to  the  substrate 
but did not extend processes. 
After  labeling  the  neurons  maintained  under 
these two conditions with [35H]leucine, the results 
seen  in  Fig.  18  were  obtained.  When  band-by- 
band  comparisons  were  made  between  experi- 
mental  groups,  no  qualitative  differences  were 
detected in  the polypeptides produced. Neurons 
in suspension or plated, whether in the presence 
of colchicine or in its absence, appeared to synthe- 
size similar polypeptides, when analyzed by SDS- 
PAGE. These results differ from those obtained 
with  neuroblastoma  cells,  where  differences  in 
polypeptide composition have been observed be- 
tween cells that support processes and those that 
do not (1, 22, 59). 
DISCUSSION 
Methodology 
Each of the methods mentioned in the Introduc- 
tion, designed to delineate specific cellular func- 
tions in the nervous system, provides certain ad- 
vantages  and  some  disadvantages. Cells derived 
from  tumor  sources  may  provide  models  for 
studies  of  certain  neuronal  attributes,  such  as 
opiate receptor function (56) or NGF action (55). 
These  cells  may  also  demonstrate  a  degree  of 
differentiated function,  such  as neurotransmitter 
synthesis and release (24, 54) and neurite exten- 
sion (25). Many of these cell lines are of unknown 
source, however, and are unsuitable as models for 
studies  of  certain  aspects  of  normal  neuronal 
metabolism. Cells that  are  separated by density 
gradient centrifugation or velocity sedimentation, 
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Neurites were labeled by a  l-h pulse period with [~S]methionine (50  p,  Ci/ml; 800 mCi/mmol) followed 
by incubation with nonradioactive medium containing 1 mM methionine. The polypeptides that underwent 
transport  were compared to those of the rabbit retinal ganglion cells by co-electrophoresis on the same 
gels. The  rabbit  material  was  generously supplied  by Mr.  Pate  Skene  and  Dr.  Mark  Willard, and  its 
preparation  is described elsewhere (61).  At 1,  2, 4,  8,  16, and 22 h, the SCG neurites were dissected 
free of the explants,  homogenized, and centrifuged to separate  the soluble polypeptides from the par- 
ticulate ones and prepared for electrophoresis. Numbers at the left refer to apparent molecular weights, in 
kilodaltons; numbers in  the center refer to our nomenclature for the neuritic polypeptides as given in 
Fig. 13, and the numbers on the right refer to known rabbit polypeptides, as described previously (61). 
Coomassie  blue  (CB)-stained  gels  are  included  for  comparison.  The  amount  of neuritic  protein,  in 
micrograms, in  each  sample  was as follows.  Neurite soluble:  1 h,  5; 2  h,  11.8; 4  h,  13.5;  8  h,  12.6; 
16 h, 12.0; 22 h, 8.7. Neurite particulate: 1 h, 9.7; 2 h, 11.7; 4 h, 13.0; 8 h, 12.4; 16 h, 11.5; 22 h, 10.0. 
while  particularly  useful  for the  study  of general 
cell types (such as oligodendrocytes; references 49 
and 50), present particular problems for the study 
of specific neuronal  types  (although  rarely  some 
definition  of  neuronal  source  may  be  accom- 
plished,  e.g.,  references  19,  34,  and  35).  After 
separation,  in  many  cases,  the  metabolic  and 
functional  capacity  of  these  cells  is  either  short 
lived or untested. 
The use of tissue culture preparations of normal 
cells, as in the present study, provides the advan- 
tages  we  have  outlined  earlier.  Some  concern 
must  be  raised,  however,  regarding  the  required 
extensive treatment with antimetabolites. The two 
main cell types towards which the drugs's actions 
were  aimed  were  fibroblastic  cells and  Schwann 
cells.  The  action  of  each  of  these  agents  was 
examined histologically on dorsal root ganglia and 
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agents.  Flurodeoxyuridine  is an  inhibitor  of thy- 
midylate  synthetase  (29).  Ara-C is known  to  act 
at  a  number  of loci during  DNA  synthesis.  It is 
clear  that  ara-C  is  capable  of  inhibiting  DNA 
polymerase  II,  the  replicative  polymerase,  from 
hepatic cell nuclei and that this inhibition can take 
place at concentrations lower than those necessary 
FIGURE 16  External  iodination  of neurites.  Neurites 
free  of  non-neuronal  cells  were  removed  from  SCG 
explants maintained in vitro for 2 wk, and were iodinated 
as described in Materials and Methods.  After labeling, 
the neurites  were washed,  dissolved in  electrophoresis 
buffer,  and  electrophoresed.  The  fixed,  stained,  and 
dried gels were exposed to Kodak RPR/54 x-ray film to 
visualize the radioactive bands. Three separate labeling 
experiments are illustrated in the first three columns, the 
fourth being a Coomassie blue-stained gel for reference. 
Apparent tool wts were assigned as described in Materi- 
als and Methods. 
superior cervical ganglia from  perinatal  rat pups. 
In short, ara-C gave the most reproducible  killing 
of  all  types  of  non-neuronal  cells,  and  FUdR 
served to keep the non-neuronal cells from resum- 
ing proliferation after ara-C withdrawal. The elim- 
ination of supporting cell types from sensory gan- 
glia is more  difficult,  perhaps  due  to  the  potent 
signal for Schwann cell proliferation present in the 
sensory axon (65). 
FmURE 17  External labeling of carbohydrate  residues 
on neurites. Neurites removed from SCG exptants main- 
tained  in  vitro for 2  wk  were  washed  and  labeled  as 
described in Materials and Methods. After labeling, the 
neurites were electrophoresed and the gel was prepared 
for fluorography. Samples 1-3  above were labeled with 
NaBT4 after galactose oxidase treatment of the neurites. 
Sample 4,  neurites labeled with NaBT4 after periodate 
oxidation. Sample 5, neufites labeled with NaBT~ with- 
out prior oxidation. The numbers o0  the right refer to 
apparent mol wt. 
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[3H]leucine incorporation into SCG neurons under two 
culture  conditions. Sample 1,  neurons maintained  in 
suspension 24  h  before  labeling; sample 2,  neurons 
maintained  in  suspension in  the  presence of  1  p~M 
colchir  sample 3, neurons maintained in suspension 
and labeled in the presence of 1 /zM colchicine; sample 
4,  neurons plated on collagen and allowed to extend 
neurites for 24 h; sample 5, neurons plated on collagen 
in  the  presence  of  1  p.M  colchicine which inhibited 
neurite  extension. No  qualitative difference could be 
detected  in the  polypeptides produced  by these cells 
under culture conditions that  either  promoted  or in- 
hibited  neurite  elongation.  The  presence  of  large 
amounts of collagen in the plated samples artifactuaUy 
obscures the molecular weight regions near 100 and 200 
kilodaltons in samples 4 and 5. 
to  effect  cell  killing in  vivo  or  in  vitro  (58). 
Likewise, it has been shown that higher concentra- 
tions of the drug (10  -z M) inhibit the polymerase 
responsible for DNA repair (15). At even higher 
concentrations, RNA metabolism is disturbed in 
chick neural retina cells (32) and hamster fibro- 
blast cells (15). The exact molecular mechanism(s) 
responsible for cell killing are still not fully under- 
stood. 
The antimetabolite regimen used in the present 
study was selected because it removed non-neu- 
ronal  cells  but  spared  neurons.  An  important 
consideration is whether drug effects other than 
those  on DNA synthesis may be  present in the 
neurons. The  few  studies  available report  that 
concentrations of ara-C 50-100 times those used 
in  our  study will  (a)  inhibit RNA  synthesis in 
chick neural retina cells, as mentioned above (32), 
and (b) will inhibit the incorporation of glucosa- 
mine into cells by as much as 85%  (28). Under 
our conditions, neither ara-C nor FUdR has any 
demonstrable effect on the composition of radio- 
active  proteins synthesized in its presence  (Fig. 
11). From the reports describing "side effects" of 
the drugs at levels of 10  -a to  10  -4 M, and from 
our own studies, discussed above, demonstrating 
the  occurrence  of  highly  differentiated  cellular 
functions in neurons and glia after the cells have 
been exposed to the drugs at 10 -5 M, we believe 
that  our  method  provides  neuronal material  of 
normal composition (see also reference 23). Other 
reports support the view that highly differentiated 
neuronal functions are fully expressed after exten- 
sive  treatment  with  the  antimetabolite  FUdR 
(23). 
The question must also be raised whether neu- 
rons in complete isolation are functionally similar 
to those growing in the normal companionship of 
other neurons and glial cells. Media conditioned 
by target ceils  or glia have been shown to effect 
the expression of transmitter-related enzymes by 
spinal cord  (21)  or  dissociated SCG  neurons in 
culture (47),  whereas  glial cells will induce the 
morphological  differentiation  of  neuroblastoma 
cells (44), and support sensory ganglion neurons 
in the absence of NGF (11). Compelling evidence 
has been presented that glial cells surrounding the 
giant axon of the  squid make proteins that  are 
taken into the axoplasm (20, 37, 38). We believe 
that the long-term maintenance of the autonomic 
adrenergic neuron in  isolation in tissue  culture 
derives  from  our  ability  to  provide  adequate 
amounts of NGF, the culture medium serving as a 
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obtained by the neuron from target tissues and/or 
supporting cells in the nerve trunk. 
The catalog of functions expressed by the SCG 
neuron  in culture  (for general  review see  refer- 
ences 9, 46, and 48) is now known to include: (a) 
the maintenance of a normal resting potential and 
the generation of normal action potentials, (b) the 
reception  of nicotinic cholinergic synapses  from 
neurons within  co-cultured spinal  cord explants, 
(c) the synthesis, storage, release, and uptake of 
norepinephrine,  (d) the provision of synapses on 
smooth, cardiac, and striated  muscle, and on fat 
cells,  and  (e)  the  stimulation  of  Schwann  cell 
proliferation and ensheathment which, as in vivo, 
does not progress to myelination. 
Neurite Growth 
A  most striking aspect of these cultures is the 
large  amount  of neuritic  outgrowth  that  is  pro- 
duced by the explants.  This makes possible  bio- 
chemical  studies  of this  portion  of the  neuron. 
After explantation, neuritic outgrowth occurs at a 
rate  of  about  300--400  t~m/day.  After  2  wk 
growth,  neurite  length  is  commonly  5  mm  or 
greater.  This growth  rate  is similar  to those  de- 
scribed  for  both  explant  type  cultures  and  for 
elongation of processes from single cells  in vitro. 
Those rates,  which vary from  --200-1,000  ttm/ 
day (14, 51, 66), may reflect the substrate  upon 
which  the  cells  are  growing  (41).  The  rate  of 
growth of neurites from explants is similar to that 
described for single processes of sympathetic gan- 
glion  neurons (8).  A  recent study (36) supports 
our own observations that cultured rat SCG neu- 
rons  express  dendritic  morphology  (short  pro- 
cesses of large  diameter)  similar  to that  seen  in 
vivo. This  lends  support  to  the  notion  that  the 
long,  thin  neuritic  processes  studied  here  are 
representative of growing axons. 
From these explants, it is possible to fractionate 
the neurons into somata and axons, and, by doing 
so, to investigate the characteristics and functions 
of these  separate  cell  compartments.  From  our 
studies, it is clear that the growing axons mimic in 
vivo axonal systems investigated in their metabolic 
dependence  on the cell  body. The accumulation 
of radioactive macromolecules in the neurites after 
exposure  of  the  cells  to  labeled  precursors-is 
dependent  on  communication between  the  two. 
Our studies do not rule out the local modification 
of macromolecules  in  the  axon  as  suggested  in 
other studies (3,4, 67). This may be the explana- 
tion for the incorporation of glucosamine seen in 
the  neurites  separated  from their  somata  (Table 
I). Enzymatic assays to fully explore the metabolic 
capacities of axons as opposed to the neuron cell 
bodies remain to be carried out. 
Axonal Polypeptide Transport 
Neurites  alone  do  not  exhibit  a  substantial 
amount of protein synthesis. Radioactive polypep- 
tides as seen in the axonal transport experiments 
(Figs. 12, 14, and 15) were transported from the 
parent somata. We do not yet know how closely 
the mechanism of transport resembles that seen in 
axons examined  in vivo. However, when an ex- 
amination of the polypeptides transported into the 
neurites is made, compositional changes remarka- 
bly similar to those described in the rabbit visual 
system can be demonstrated (Fig. 15). In particu- 
lar,  bands  B1  and  B2  from  SCG  cultures  co- 
migrate  with  bands  26  and  27  from the  rabbit 
ganglion cell axons (62). Band A3 appears slowly 
in the cultured neurites and, similarly, the analo- 
gous  band  37  appears  in  the  fourth  phase  of 
transport  in  rabbit.  Band  20  in  the  rabbit,  the 
major fast phase  protein,  co-migrates with  band 
E3  from  the  neurites,  a  major  fast-transported 
protein.  Also, while  rabbit  band 20  and  neurite 
band E3  label heavily with methionine,  band 20 
remains relatively unlabeled when proline is used 
as the precursor (M. Willard, personal communi- 
cation),  whereas  band  E3  is  unlabeled  in 
[3H]leucine-labeled  material  from  culture  (Fig. 
14), suggesting a  relatively high methionine con- 
tent for this protein in both systems. The similar 
behavior  of a  neuritic  polypeptide  of  ~18,000 
tool wt and band 22 from the rabbit material has 
already  been  mentioned.  Lastly,  band  E2  from 
the  neurites  co-migrates  with  the  major  slow- 
phase  polypeptide,  band  43,  from  rabbits,  and 
mimics that polypeptide in its  slow transport ve- 
locity. 
Axonal Surface Compounds 
To  date,  only the  study of synaptosomes has 
allowed a detailed description of the potypeptide 
architecture  in  the  neuronal  plasma  membrane. 
These particles have been subjected to the same 
analytical techniques used to analyze the surface 
of the red cell  and the fibroblast.  From work in 
many laboratories,  the polypeptide compositions 
of the plasma  membrane of the presynaptic ele- 
ment  and  the  postsynaptic  density  have  been 
analyzed. In their studies, Wang and Mahler (61) 
M.  ESTRIDGE ANY R.  BUNGE Compositional  Analysis of Growing  Axons  15;3 have identified five polypeptides of 175,  110, 68, 
54,  and 33  kilodaltons exposed on the neuronal 
surface  membrane.  This  labeling pattern  is  re- 
markably similar to that of the SCG neuron with 
its  main  radioiodine-labeled bands  of  180-170, 
70,  58,  53,  and  30  kilodaltons.  Polypeptides 
similar to tubulin have been shown to constitute 
at least part of the  53  and  58  kilodalton bands 
from neuritic membranes (16), and they probably 
correspond to the 54-kilodalton band of the syn- 
aptic plasma membrane (61). This band accounts 
for 25%  of the synaptic membrane protein. Fur- 
ther  evidence to  suggest its identity with  the  58 
and 53 kilodalton bands of the neuritic membrane 
includes  the  observations  that  both  are  major 
fucose-containing glycoproteins from their respec- 
tive sources (16, 26). 
One of the goals of this classification and com- 
parison of axonal polypeptides is the delineation 
of components that may be distinctive for specific 
neuronal types. We have pointed out above those 
axonal  components  that  show  similarities in  the 
rabbit retinal ganglion cell axon and the neurite of 
the  rat  SCG;  these  are  unlikely candidates  for 
components imparting neuronal specificity. Of the 
surface components examined, several are gener- 
ally  similar to  those  of  synaptosomal  fractions: 
again, these seem unlikely candidates for markers 
of  separate  neuronal  species.  Until  additional 
types of neurons have been analyzed, it is difficult 
to identify surface components that are distinctive 
for SCG neurons. We would, however, single out 
the component at 45-47  kilodaltons prominently 
labeled metabolically with fucose and by surface 
labeling with periodate. There is also a prominent 
protein in  this region  in  the  particulate fraction 
after  amino  acid labeling of intact neurites.  No 
similarly prominent polypeptide has been identi- 
fied as a surface component of synaptosomes or in 
preparations of retinal ganglion cell axons: it may 
thus represent a surface moiety distinctive for the 
SCG neuron. 
It is anticipated that further work with neurites 
of other neuronal types will allow comparison that 
will delineate components truly unique, in either 
quantity  or  quality,  to  the  SCG  neuron.  The 
ultimate goal is to be able to assign functions to 
each of these polypeptides in the complex inter- 
play of plasma membranes that characterizes the 
developing nervous system. 
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